In advanced engineering alloys where inclusions and pores are minimized during processing, the initiation of cracks due to cyclic loading shifts to intrinsic microstructural features. Criteria for the identification of crack initiation sites, defined using elasticplastic loading parameters and twin boundary length, have been developed and applied to experimental datasets following cyclic loading. The criteria successfully quantify the incidence of experimentally observed cracks. Statistical microstructural volume elements are defined using a convergence approach for two nickelbase superalloys, IN100 and René 88DT. The material element that captures the fatigue crack-initiating features in René 88DT is smaller than IN100 due to a combination of smaller grain size and higher twin density.
Introduction
Fatigue is one of the life limiting properties of polycrystalline nickel-base superalloys used widely in turbine disks for power generation and aerospace applications. While fatigue cracks may initiate at large pores or inclusions (Milligan et al. 2004; Li et al. 2004; Texier et al. 2016) , such extrinsic defects are uncommon in alloys processed through advanced powder metallurgical routes. In the absence of such large imperfections, initiation often occurs at intrinsic defects, making fatigue life highly microstructure sensitive and lifetime prediction challenging (Cowles 1989; Pollock and Tin 2006) . In high cycle fatigue, crack initiation and growth through the first few grains can account for 80% of fatigue life. This process results in substantial scatter in the fatigue life (Kumar et al. 2010; Stinville et al. 2015b) . The identification of microstructural regions susceptible to crack nucleation and propagation is a critical step in both predicting fatigue life of current materials and designing new materials and processing approaches that result in improved fatigue life.
Crystallographic fatigue cracks in powder metallurgy disk alloys, in the high and low cycle fatigue regime, initiate due to strain localization near annealing twin boundaries in large grains that are favorably oriented for slip (Stinville et al. 2015b; Miao et al. 2009 ). Dislocation accumulation due to irreversible deformation during cycling results in large incompatibility stresses, ultimately nucleating a crack (Pineau and Antolovich 2009; Mughrabi 2006; Heinz and Neumann 1990) . Fatigue cracks have been found to initiate in large grains at the tail of the grain size distribution in a variety of twin-containing materials during high cycle fatigue (Mineur et al. 2000; Stein et al. 2012; Thompson et al. 1956; Boettner et al. 1964) . Initiation occurs in the large grains favorably oriented for slip (high resolved shear stress on slip systems) (Li et al. 2004; Davidson et al. 2007; Miao et al. 2009 ). Moreover, elastic anisotropy has been shown to induce significant stress heterogeneities from grain to grain (Wong and Dawson 2010; Stinville et al. 2015a) , strongly influencing crack initiation, particularly at lower strain amplitudes (Heinz and Neumann 1990) . Under low deformation amplitudes, Heinz and Neumann (1990) have shown that fcc materials exhibiting relatively strong elastic anisotropy experience elevated shear stresses at twin boundaries, which ultimately triggers local plasticity and crack initiation. SEM-based digital image correlation (DIC) investigations of interrupted fatigue tests, performed on a powder metallurgy disk alloy René 88DT, demonstrate that cracks initiate near long twin boundaries in favorably orientated grains with the activated slip system parallel to the twin boundary, i.e in a parallel slip configuration (Stinville et al. 2015b ). The initiation sites occur near coherent twin boundaries in grains with a high Schmid factor or/and a high elastic modulus difference across the twin. Grains with Schmid factors that are just below the maximum value may also initiate cracks if they contain large twin boundaries with a high elastic modulus difference across the boundary (Stinville et al. 2015b ). Based on these observations, a simple multi-parameter criterion for crack initiating twin boundaries has been developed for the nickel-base superalloy, René 88DT (Stinville et al. 2015b) .
The recent ability to gather large 2D and 3D datasets that contain information on grain structure and orientation enables statistical analysis of the frequency of occurrence of life-limiting intrinsic and extrinsic defects. For most material properties, there exists a fundamental material element size (volume or area) that sufficiently contains the microstructures that control the property of interest. Examples of these volumetric reductions include representative volume elements (RVEs) (Gitman et al. 2007; Hill 1963) , statistical volume elements (SVEs) (Ostoja-Starzewski 2006; Niezgoda et al. 2010) , and statistically equivalent representative volume elements (SERVE) (Groeber et al. 2006; Swaminathan et al. 2006; Shan and Gokhale 2002) . SERVEs are often linked to continuum modeling assumptions and convergence of a given property, such as elastic modulus. Existing approaches have defined specialized RVEs that are augmented sets of sampled volume elements which are statistically selected to be representative, in aggregate. Statistical representative volume element sampling has been proposed and applied (Niezgoda et al. 2010; Qidwai et al. 2012; Groeber et al. 2008; McDowell et al. 2011 ) to materials such as titanium and fiber composites. However, a framework that rigorously accounts for the role of multiple microstructural features that are influential under plastic loading conditions has not yet been fully developed.
In this work, we use the concept of microstructural volume elements (MVE) Groeber et al. 2006 ) and microstructural-based statistically equivalent volume elements (M-SERVE) (Swaminathan et al. 2006; Shan and Gokhale 2002) as well as property volume elements (PVE) (Echlin and Pollock 2013; Echlin et al. 2011 ) and property-based statistically equivalent volume elements (P-SERVE) (Swaminathan et al. 2006; Shan and Gokhale 2002) to describe converged volumes for relevant microstructural features that are associated with strain localization and fatigue crack initiation in two nickel-base alloys. This volume element sampling methodology, combined with analytical property models, can be used to determine the material property value within a set of confidence bounds. In this study we examine the influence of twin boundary density on the MVE and PVEs for fatigue, in two different alloys. Specifically, crack initiation criteria (Stinville et al. 2015b) were applied to the experimentally observed crack initiation sites in two powder metallurgy disk alloys: IN100 and René 88DT. Subsequently, property volume elements (PVE) for fatigue crack initiation sites were determined for each of these alloys, and the implications for fatigue property variability are discussed.
Experimental materials

Material
Two polycrystalline nickel-base superalloys used for turbine disk applications were investigated in this research: René 88DT and IN100. These alloys both have have grain sizes that are between 10-50 µm and contain multiple size populations of strengthening phases (indicated as γ ), which grow from solution and in subsequent aging steps (Reed 2006) . The unique microstructural and chemical attributes of each alloy are described presently.
The polycrystalline powder metallurgy processed nickel-base superalloy, René 88DT, has a nominal composition of 13Co, 16Cr, 4Mo, 4W, 2.1Al, 3.7Ti, 0.7Nb, 0.03C, 0.015B (wt%) (Krueger et al. 1992) . The microstructure of the alloy consists of a γ matrix and two populations of γ precipitates: larger secondary and nm-scale tertiary γ within the γ grains (Krueger et al. 1992) . The size of the secondary γ phase is about 100-200 nm, while tertiary γ precipitates are several nanometers in diameter. Crystallographic features were previously studied using electron backscatter diffraction (EBSD) measurements (Miao et al. 2008) showing that the material possesses very weak crystallographic texture, a large population of Σ3 boundaries (46% by 2D measurements and 70% by 3D measurements of the total boundary length fraction, Lenthe et al. 2016) , an average grain size of 26 µm, and a low fraction of large grains on the order of two to five times of the average grain size.
The IN100 material was also powder metallurgy processed, having a composition of 12.4Cr, 18.5Co, 4.7Ti, 5.5Al, 3.2Mo, 0.8V and 0.07C (wt%) . The average grain size of the IN100 material is 43 µm. The material contains primary, secondary, and tertiary γ precipitates that form during cooling and aging steps (Milligan et al. 2004; Li et al. 2004) . Also, the IN100 material has a twin boundary length fraction of 22% (2D measurement) that is about half as large as that of Rene 88DT, and also contains little crystallographic texture.
Mechanical testing and sample characterization
High resolution strain localization measurements
Mechanical testing was performed in-situ in a FEI Versa FEG system (FIB-SEM) to determine the macroscopic deformation response and the local strain states on the sample surface. In-situ mechanical tests were performed with strain rates of 10 −3 /s to 10 −4 /s on seven polished dogbone type samples with a 1 mm × 3 mm gauge section. High resolution DIC experiments utilized a mechanical load cell that was inserted into the SEM. Macroscopic strain was tracked by measuring displacements between fiducial marks on the sample surface and also with an extensometer type strain gauge, which was monitored during loading. Sub-grain scale high resolution DIC measurements were made under load at macroscopic strains of approximately 0.3% (nominal elastic regime) and approximately 1% (after macroscopic yielding). High resolution DIC (Jiang et al. 2016 (Jiang et al. , 2017 Kammers and Daly 2013; Di Gioacchino and Quinta da Fonseca 2013; Stinville et al. 2015c) analyses were performed on the sets of SEM images captured at different strain levels, while under load, in order to determine the in-plane elastic-plastic strain field at the sample surface using methodologies developed and described in detail elsewhere (Stinville et al. 2015a) . Another set of SEM images was captured after unloading from an initial macroscopic deformation of approximately 0.3% in order to measure the residual strains. High magnification images were taken at a horizontal field width of 85 µm in order to reduce drift and spatial distortions (Stinville et al. 2015a) . SEM images of size 4096 × 3775 pixels were divided into custom sized subsets of 21 × 21 pixels, which were regularly spaced by a step size of 5 pixels in both the horizontal and vertical directions. The in-plane displacement fields at the microscopic scale were obtained using the commercial software (VIC-2D 2009). DIC measurements were constructed by comparing images from each deformation step to images of the undeformed specimen. The axial loading direction will be referred to as the x-direction and horizontally oriented in all strain maps. The grain orientations from the DIC measurement areas were collected using electron backscatter diffraction (EBSD) measurements using a EDAX OIM-Hikari XM4 electron back-scatter diffraction detector, with an accelerating voltage of 20 keV, a 4 × 4 binning mode and a beam current of 0.2 nA. The average grain orientation, highest Schmid factor (calculated assuming uniaxial loading), and elastic modulus maps were obtained from the average crystallographic orientation of each grain along the loading direction and the compliance matrix of a nickel superalloy ).
Fatigue experiments
Cyclic testing was performed in air at room temperature in the low cycle fatigue regime. Low cycle fatigue tests were performed in a symmetric, uniaxial, pushpull mode on an electromechanical machine. Tests were carried out in stress control mode for René 88DT and IN100 at maximum stresses of 758 or 930 MPa, with R-ratios of −1 and 0.1 respectively at a frequency of 1 Hz. Four cylindrical René 88DT specimens with a gauge diameter of 5 mm and gauge length of 16 mm were used in this study to obtain the number of cycles to fracture. Four flat dogbone type samples with a 2 × 3 mm gauge section were used to test the IN100 superalloy. Fatigue tests were interrupted at 45 and 80% of lifetime to capture information on crack initiation sites. Initiation sites were correlated to the grain structure using EBSD measurements, according to the procedure outlined in more detail elsewhere . EBSD measurements were collected from two selected René 88DT fatigue specimens with two adjacent machined flat areas in the gauge section that were 2.5 mm in width and 8 mm in length. The two flats were positioned on opposite sides of the specimen gauge section. Samples were electropolished in a solution of 10% perchloric acid and 90% ethylene glycol at 30 V for 30 s to remove residual surface stresses.
Computational analysis
Analysis of the EBSD data was performed using routines developed in C++. Grains were segmented with a 5 • tolerance with grain orientations averaged in cubochoric space (Rosca et al. 2014 ). The directional elastic modulus parallel to the loading direction and the maximum Schmid factor were computed for each grain using the average orientation of the grain. Grain boundaries were meshed with line segments that separate pixels that belong to different grains and the length of each grain boundary was measured. The disorientation across each grain boundary was computed using the average orientation of the two bounding grains and boundaries with a disorientation axis within 5 • of {111} and disorientation angle within 5 • of 60 • considered to be twin boundaries. For each twin boundary, the coherent direction was calculated and boundaries with the maximum Schmid factor slip system in the coherent {111} plane identified. Twin boundaries with a critical combination of Schmid factor, elastic modulus mismatch, length, and slip configuration were identified . Thousands of twin related domains were identified by merging all grains connected with a twin boundary into a single grain cluster (parent grain and associated twins), and the number of twin boundaries satisfying the initiation criteria counted for each cluster.
Experimental results
Strain localization during monotonic tensile testing
The Bands of concentrated strain, that correspond to slip band formation, directly correlate with the grain structure of the René 88DT and IN100 superalloys. The bands of concentrated strain that occur at 0.31% macroscopic strain in IN100 are localized near twin boundaries, as indicated with arrows in Fig. 2a , c. Bands of concentrated strain occur near and parallel to twin boundaries in twin and parent grain pairs that exhibit either very high Schmid factor or relatively high Schmid factor with a large elastic modulus difference across their twin boundary. At 0.28% macroscopic strain in René 88DT, the highest strains are also observed near twin boundaries. For instance, at the arrow in Fig. 1e , a twin and parent grain pair is shown that has a high elastic modulus difference across the twin boundary. Interestingly, strain localizations observed at 0.28% macroscopic strain in René 88DT were purely elastic with no residual bands of concentrated strain detected after unloading.
The highest degree of localization observed for both René 88DT and IN100 superalloys, at approximately 1% macroscopic deformation (above yielding), was always observed near twin boundaries. For each band of concentrated strain, the average value of the shear strain along the band was calculated using the methodology described in reference (Stinville et al. 2015a ). The bands of concentrated strain with the two highest shear strain values are displayed in Figs. 3 and 4 for IN100 and René 88DT respectively. The highest strain localizations are systematically observed near twin boundaries in a parallel slip configuration (Stinville et al. 2015a) , where the activated slip plane with the highest Schmid factor is parallel to the twin plane. In addition, large elastic modulus differences across the twin boundaries are observed for these twin and parent grain pairs.
The bands of concentrated strain corresponding to the five highest shear strains are displayed in Fig. 5a .
Each band was was located parallel and near a twin boundary in a twin and parent grain pair with a parallel slip configuration (Stinville et al. 2015a ). In both IN100 and René 88DT superalloys, the configuration that favors either a high Schmid factor or a large elastic modulus difference between the twin and parent pair has the highest shear strain along the activated slip band. With regard to crystallographic considerations, when slip transmission does not occur at twin boundaries, i.e. the activated slip systems are parallel to the twin boundaries, then the Schmid factors of the activated systems in the twins and the parent grains have the same value (Stinville et al. 2015a ). Therefore, a single Schmid factor can be associated with a twin and parent grain pair. The highest Schmid factors on the activated plane for the twin and parent grain pairs that have the highest strain localization are displayed in Fig. 5b , according to the elastic modulus difference across their twin boundary. The black dashed line indicates the theoretical limit of the elastic modulus difference across a twin boundary for a given maximum Schmid factor on 5 The orientations of the twin and parent grain pairs exhibiting the highest shear strain localization at approximately 1% macroscopic strain in tension as measured using high resolution DIC on René 88DT and IN100. a An IPF map with superimposed parent-twin grain pair orientations connected via lines. Red and green lines connect the orientation of the twin and his associated parent grain. b Elastic modulus difference according to the maximum Schmid factor of the twin and parent grain pairs which present the highest shear strain localization.The dotted line in (b) indicates the theoretical limit of elastic modulus difference according the Schmid factor for a twin and parent grain pair in parallel slip configuration the plane parallel to the twin boundary plane. The highest strain localizations occur in grains that maximize the elastic modulus difference for a given maximum Schmid factor.
Grain configurations favoring crack initiation
Interrupted fatigue tests were conducted to assess the microstructure associated with the initiation sites as described in Sect. 2.2.2. Multiple cracks at the surface of the fatigue specimens within individual grains were observed during cycling. In the IN100 superalloy, several cracks were observed to initiate at defects such as non-metallic inclusions (Milligan et al. 2004; Li et al. 2004; Texier et al. 2016 ) and were not considered in the present study. Instead, the cracks investigated were located at crystallographic configurations such as those displayed in Fig. 6b , f for the IN100 and René 88DT alloys. The associated EBSD, Schmid factor and elastic modulus maps are also given in Fig. 6a -e, cg, d-h. All the cracks associated with crystallographic configurations were detected near to and parallel with a twin boundary, without exception. Furthermore, the twin and parent grain pairs that initiated cracks all have the parallel slip configuration .
The elastic modulus difference versus maximum Schmid factor for twin and parent grain pairs that initiate cracks after 80% of the lifetime for a specimen tested in fatigue (see Ref. Stinville et al. 2016 for experimental details) is presented in Fig. 7a for René 88DT (red squares) and IN100 (green circles). Depending on the maximum Schmid factor of the twin and parent grain pair, there exists a threshold value of elastic modulus difference below which the twin and parent grain pairs do not initiate a crack (gray area in Fig. 7a) . A polynomial function was used to bound the elastic modulus-Schmid factor domain. As observed for the strain localization under monotonic loading, grain pairs that initiate cracks maximize elastic modulus difference for a given maximum Schmid factor. Figure 7b presents the twin boundary length versus the maximum Schmid factor of the twin and parent grain pairs found to initiate a crack at 80% of the lifetime for the René 88DT (red squares) and IN100 (green circles). Depending on the maximum Schmid factor of the twin and parent grain pair, there exists a threshold value of the twin boundary length, below which the twin and parent grain pairs do not initiate cracks (gray area in Fig. 7b ). Grains that belong to the domains defined by gray areas shown in Fig. 7a, b have not been observed to initiate cracks in the more than 20,000 investigated grains, which corresponds to several mm 2 of examined surface area.A linear function is used to bound the domain twin boundary length-Schmid factor. It is observed in Fig. 7b that grains with twin boundaries with lengths greater than the average grain size have a greater possibility to initiate cracks than boundaries with lengths smaller than the average grain size. For more detail on this aspect of fatigue in René 88DT, the reader is referred to a previous publication ).
3.3 Application of crack-initiation criteria to millimeter-scale data: analysis of the character of twin distributions
From strain localization and crack initiation data it is possible to define a critical domain bounded by the maximum Schmid factor, using the elastic modulus difference and the twin boundary length to predict grains amenable to crack initiation. Such a domain was used to predict the crack initiation sites from large EBSD maps that have a statistically significant number of grains for both the René 88DT and IN100 materials. Grain boundaries were segmented as described in Sect. 2.3 and twin boundaries identified as shown in Fig. 8b . Twin boundaries parallel to the highest Schmid factor slip system (in the parallel slip configuration) on both sides of the boundary are identified in Fig. 8c by assuming twin boundaries are coherent and have a prescribed uniaxial loading direction. Twin boundaries in fcc materials were previously demonstrated to be coherent by means of datasets collected using the TriBeam microscope (Echlin et al. 2015) for 3D microstructural twin analysis . The boundary length, maximum Schmid factor, and elastic modulus difference across the boundary were also computed as displayed in Fig. 8d-f . The Schmid factor is the maximum of the 24 Schmid factors calculated from the orientation of the grains on both sides of the boundary.
Millimeter square (∼2 mm 2 for René 88DT and ∼8 mm 2 for IN100) scale EBSD scans were collected from the René 88DT and IN100 specimens. Twin boundaries and twin boundaries in the parallel slip configuration are identified and displayed for a portion of the investigated area in the René 88DT and IN100 material in Fig. 9a, d and b, e. The length fraction of twin boundaries is given for both alloys in Table 1 . The IN100 superalloy has a twin length faction of 22.1%, while the René 88DT superalloy has a length fraction of 46.2%. The length fraction of twin boundaries in the parallel slip configuration in comparison to all boundaries is as low as 3% and 7% in IN100 and René 88DT superalloys, respectively. Twin boundaries and twin boundaries in a parallel slip configuration are plotted according to the elastic modulus difference across their twin, for each boundary is computed by projection along the coherent plane trace. e The maximum Schmid factor for each grain on both sides of the boundary is computed and associated with the boundary. f The elastic modulus difference across the boundary is computed according to the macroscopic loading direction maximum Schmid factor and boundary length for all investigated twin boundaries in the IN100 and René 88DT material in Fig. 10a-d .
From the distribution of twin boundaries that are in a parallel slip configuration, twin and parent grain pairs that do not meet the initiation criteria defined in Fig. 7a , b are removed from the list of initiation candidates. This consists of extracting from the distribution the twin and parent grain pairs that are below the experimental thresholds (gray areas in Fig. 7a, b) . The initiation candidates that have had an applied threshold on both the elastic modulus difference and maximum Schmid factor are shown with red dots in Fig. 10a, c for IN100 and René 88DT respectively. The criteria for elastic modulus difference and maximum Schmid factor removes 34.4 and 32.5% of all twin boundaries that are in a parallel slip configuration from the total possible initiation candidates in IN100 and René 88DT, respectively. The initiation candidates that satisfy a minimum twin boundary length and a maximum Schmid factor are plotted with red dots in Fig. 10b, d . Applying the boundary length and maximum Schmid factor criteria removes 80.1 and 73.6% of all twin boundaries that are in a parallel slip configuration from the initiation candidates in each of the two materials. The boundary length and boundary fraction of twin and parent grain pairs in the parallel slip configuration that pass the Elastic modulus difference-maximum Schmid factor and boundary length-maximum Schmid factor criteria are given in Table 1 .
Boundaries that are candidates for initiation according to the initiation criteria (parallel slip configuration and threshold on elastic modulus difference, boundary length and maximum Schmid factor) represent 1.0% of the boundary length in IN100 and 2.9% in René 88DT.
The initiation candidates extracted from EBSD data acquired from an IN100 specimen prior to fatigue testing are presented in Fig. 11a . Surface investigations after cycling (interrupted before fracture) using SEM were also conducted in the same region where the EBSD data was acquired. All cracks that were observed on the surface of the EBSD map are displayed in Fig. 11b . A total of 5 cracks were experimentally observed to initiate at the surface within the Fig. 9 A summary of the EBSD dataset surface mesh analysis is presented for IN100 (a-c) and René 88DT (d-f). a, d Grain and twin boundaries (green) are identified with a 2 • tolerance on misorientation. b, e The coherent direction for each twin boundary is computed and boundaries with the highest Schmid factor slip system parallel to the coherent plane identified (blue). c, d The criteria for fatigue crack initiation is applied using a threshold on twin boundary length, elastic modulus difference and maximum Schmid factor on twin and parent grain that have the slip system with the highest Schmid factor parallel to the twin boundary region investigated by EBSD. Each crack occurred near a twin boundary that was correctly predicted as an initiation candidate using the initiation criteria, as defined in Fig. 10a . However, several sites predicted by the initiation criteria, such as those labeled (A, B, C, E) and (F) in Fig. 11a , displayed strain localization, but not to the point where cracks initiated during cyclic loading. Parallel slip configuration twin boundary: length fraction and (boundary fraction) (%)
Maximum Schmid factor-elastic modulus difference criteria (see Fig. 5a ) 64.3 (65.6) 68.2 (67.5)
Maximum Schmid factor-twin length criteria (see Fig. 5b ) 41.4 (19.9) 48.5 (26.4) Fig. 10 Twin boundary distribution according to the associated highest Schmid factor, elastic modulus difference across their boundary, and boundary length for IN100 (a, b) and René 88DT (c, d). Twin boundaries which have a parallel slip configuration are display in blue. a, c The criteria for fatigue crack initiation is applied using a threshold on elastic modulus difference and maximum Schmid factor on twin and parent grains that have slip system with the highest Schmid factor parallel to the twin boundary. b, d The criteria for fatigue crack initiation is applied using a threshold on boundary length and maximum Schmid factor on twin and parent grain that have the slip system with the highest Schmid factor parallel to the twin boundary It has been noted experimentally that clusters, defined as parent grains and their associated twins, that contain several twin boundary candidates for initiation display at most only one unique crack. Examples are given in Fig. 6(f) for the René 88DT and for the candidates labelled (C, D) and (E, F, G) in Fig. 11a for the IN100. It is expected that crack initiation along a twin boundary will relax the stresses on the nearby twin boundaries within the cluster, reducing the likelihood for further cracks to form. In order to take this experimental observation into account, a sampling procedure for the analysis of clusters was employed and a unique initiation candidate per cluster was counted in the calculation of the crack density calculations obtained from simulation. The crack density obtained from the cluster analysis is compared to the experimentally measured crack densities in Table 2 for IN100 and René 88DT. It is observed that the predicted crack density from the initiation criteria is an order of magnitude higher compared to the experimental crack density, over-predicting the total number of crack initiation sites. Example candidates labelled "candidate A" and "Candidate H" in Fig. 11 do not experimentally develop cracks. As discussed further in the following section, this is likely due to local stress differences in distribution in selected clusters due to variations in the orientations of grains surrounding the potential initiation sites, i.e., the grain neighborhood.
Property surface elements for crack initiation
A property volume element for fatigue crack initiation was defined by systematically sampling areas from EBSD scans and computing the sampling size at which the variability in the crack initiation density per area converges below a threshold. Square surface elements with edge lengths ranging from 5 to 1500 µm were used to calculate the frequency of initiation sites from the initiation criteria for IN100 and René 88DT. For each square surface element, all clusters which are intercepted by the square element are sampled. A schematic of this procedure is given in Fig. 12 . For each square surface element, the cumulative area of the clusters, the number of clusters and the initiation candidates are recorded. At most, one unique initiation candidate per cluster was counted for the total number of initiation candidates. For each square element size, 20 volumes were randomly sampled from the full dataset, which are mm 2 -scaled with a 1 μm scan resolution for the IN100 and 0.4 μm for the René 88DT. The initiation candidate density per square millimeter is presented in Fig. 13a with respect to the square element size. Convergence is defined as an 80% confidence that the population mean was within 5% of the sample average. Convergence occurs at square element sizes greater than 1212 × 1212 and 877 × 877 µm 2 for IN100 and René 88DT respectively. The vertical line, overlaid on Fig. 13 , indicates the 80% confidence interval to within 5% of the sample mean. Higher degrees of confidence would require even larger datasets. If a more stringent confidence interval is enforced, convergence does not occur within the entire EBSD dataset size for the René 88DT (∼1 mm 2 ), indicating the fatigue crack initiation property element size is larger than the area sampled. The initiation candidate density per cluster is presented in Fig. 13b as a function of the number of sampled clusters for both materials. This representation is independent of the grain size. The René 88DT superalloy has significantly higher crack initiation candidate density per cluster in comparison to IN100. From the sampling procedure, it has been observed that the minimum square element size to intercept at least one cluster that contains an initiation candidate is 396 × 396 µm 2 (306 clusters) and 110 × 110 µm 2 (66 clusters) for IN100 and René 88DT, respectively.
Discussion
Strain localization and crack initiation
Strain localization and crack initiation during monotonic and cyclic loading has been investigated for powder metallurgy polycrystalline nickel-based superalloys René 88DT and IN100 at room temperature. In both alloys, strain localization and the onset of fatigue damage occurs near coherent twin boundaries during fatigue at room temperature. René 88DT contains a higher density of annealing twins (46% in twin boundary length fraction) than IN100, which has less than half of the twin boundary density (22%), influencing the crack initiation site density as shown in Table 2 . Crystallographic orientation, grain shape and size, and neighboring microstructure are the relevant parameters for the crack initiation and propagation processes (Miao et al. 2009; Heinz and Neumann 1990; Shyam et al. 2004; Li et al. 2004; Davidson et al. 2007; Polak 2003) . At the microscopic scale, crack initiation is dominated by localization of plastic strain in persistent slip bands (PSBs) (Mughrabi 2009; Laird and Duquette 1972; Bayerlein and Mughrabi 1992) . In the case of a fcc material containing coherent twins, the twin boundary is parallel to a {111} slip plane. Therefore a parallel slip configuration where an activated {111} 110 slip plane is parallel to the twin plane may be present. An activated slip system parallel to a twin boundary (possible with a coherent twin boundary and parallel slip configuration) allows for dislocations to travel relatively long distances unhindered, creating high local strains and correspondingly high incompatibility stresses at the boundary (Heinz and Neumann 1990) . Stein et al. (2014) , Cerrone et al. (2013) and Yeratapally et al. (2016) , have shown by crystal plasticity calculations that the resolved shear stresses at twin boundaries with a parallel slip configuration results in a low and high stress state on either side of the twin boundary. Miao et al. (2012) and Stinville et al. (2015c) have experimentally detected high shear strains with enhanced local plastic straining in the parallel slip configuration in the vicinity of twin boundaries in René 88DT during monotonic and cyclic loading at room temperature.
Strain localization and crack initiation preferentially originate in grains with relatively high maximum Schmid factor (calculated assuming uniaxial loading) on the {111} 110 slip systems as shown in Figs. 1 Fig. 13 a The initiation candidate area density plotted against sampling area with 20 boxes selected at random locations for sizes ranging from 5 to 1000 µm for IN100 and René 88DT. The vertical lines indicate 80% confidence convergence to within 5% of the sample mean. b The initiation candidate cluster density plotted against number of clusters with 20 boxes selected at random location for sizes raging from 5 to 1000 µm for IN100 and René 88DT and 5. Favorably oriented grains have a high resolved shear stress on the slip system parallel to the twin boundary, inducing early plasticity, which may accumulate during cycling. Large crystallographic facets are systematically observed for the initiation site indicating that a long twin boundary is associated with crack initiation. Previous studies in nickel (Morrison and Moosbrugger 1997), copper (Thompson et al. 1956; Boettner et al. 1964) , and steel (Mineur et al. 2000) clearly indicate that grain size influences cyclic plasticity and fatigue crack initiation mechanisms. The fatigue crack initiation model proposed by Tanaka and Mura (1981) and later refined by Lin et al. (1986) and Mura and Nakasone (1990) predicts that the number of cycles for crack initiation is proportional to the inverse of the length of the slip plane activated in a grain. The irreversibility of dislocation motion, which is strongly enhanced by the presence of the γ precipitates, yields an increase in the dislocation density in pileups during cycling (Mughrabi 2006) . It is therefore reasonable to conclude that the length of the twin boundary affects crack initiation, since they are correlated in the parallel slip configuration. Another major parameter influencing crack initiation is the elastic modulus difference between the twin and parent grain. Heinz and Neumann (1990) first suggested that elastic anisotropy causes a local stress concentration that strongly enhances glide at twin boundaries. Figures 5 and 7a show that a large difference in elastic modulus favors strain localization and crack initiation near the twin boundary. The elastic modulus difference between twin grain pairs in fcc materials can be significant, producing a local stress concentration nearby the twin boundary (Stein et al. 2014; Cerrone et al. 2013; Yeratapally et al. 2016) . In superalloys with high Zener elastic anisotropy ratios (greater than 2), the localization effect is further enhanced localizing stresses and nucleating slip bands. For grains with a very high Schmid factor on a {111} 110 slip system, the elastic modulus difference between the twin and parent grain in the parallel slip configuration is theoretically low. However, for twin and parent grains with lower Schmid factors, the difference can be significant.
The elastic modulus difference across the grain boundary, the Schmid factor, and the twin boundary length, in addition to the parallel slip configuration are parameters that can be applied in a straightforward manner to identify crack initiation sites. Their interplay is presented in Fig. 7 for IN100 and René 88DT, and is shown in more detail elsewhere for René 88DT . These parameters bound the domain for crystallographic crack initiation at room temperature as displayed in Fig. 7 . Considering the grains to be uniaxially loaded for both the calculation of the resolved shear stress (Schmid factor) and for the elastic modulus difference is a significant assumption, since the local stress at the boundary can be affected by the surrounding microstructural configuration. However, this assumption is sufficient for predicting strain localization but significantly over-predicting crack initiation sites by an order of magnitude. This indicates that early strain localization is primarily governed by the local configuration (twin boundary) while crack initiation is additionally influenced by the surrounding microstructural neighborhood (surrounding grain structure). The stress concentrations associated with the surrounding neighborhood require a more detailed mechanics analysis; crystal plasticity analyses of 3D datasets will provide a more detailed assessment (Ghosh et al. 2015) . Importantly the procedure for identifying grain clusters where initiation is likely provides a means for selecting an analysis region and reducing the number of elements required for a detailed finite element calculation.
The Schmid factor and the elastic modulus difference across twin boundaries are parameters that assess the degree of deformation localization that occurs by slip during monotonic loading. However, these parameters are insufficient for estimation of the increase in localization from cyclic loading. The increased localization during fatigue that contributes to crack initiation is observed to be sensitive to other parameters (Yeratapally et al. 2016; Pineau and Antolovich 2009; Mughrabi 2006) . The irreversibility of dislocation motion yields a systematic increase in the dislocation density in pileups during cycling (Mughrabi 2006) . Once pileups develop, crack initiation and crack transmission from the initial grain to the neighboring grain will be influenced by the orientation of the surrounding grains and likely the character of the grain boundary, which may prevent or enhance the transmission process. Grain boundaries that favor dislocation transmission are more likely to suppress the degree of localization along slip bands and therefore inhibit crack initiation. In these conditions, the initiation criteria used in this manuscript can also identify some of the localization sites that may not favor crack initiation during fatigue. The crack initiation criteria does correctly predict the locations where plastic localization occurs during deformation as shown in Fig. 14 for the IN100 . Furthermore, at the location of each initiation candidate site high strain localization occurred, as shown by black arrows in Fig. 14a .
Computational algorithms for analysis of large datasets permit statistical analysis of datasets in order to establish the size of a microstructural volume element for fatigue crack initiation and highlight the importance of each parameters in the initiation criteria. Investigation of large EBSD scans indicate that only 13.2% and 14.5% of twin boundaries in IN100 and René 88DT are in the parallel slip configuration, where twin boundaries have the slip system with the maximum Schmid factor parallel to the twin boundary. The elastic modulus difference-maximum Schmid factor criteria removes Fig. 14 a The criteria for fatigue crack initiation is applied using a threshold on twin boundary length, elastic modulus difference and maximum Schmid factor on twin and parent grains that have a slip system with the highest Schmid factor parallel to the twin boundary. Initiation candidates extracted from EBSD data are displayed in red. b Strain field xx from high resolution DIC after 1% c macroscopic strain in tension for IN100 34.4% and 32.5% of twin boundaries in IN100 and René 88DT that are in a parallel slip configuration from potential initiation candidates. The boundary lengthmaximum Schmid factor criteria removes 80.1% and 73.6% of all twin boundaries in IN100 and René 88DT that are in a parallel slip configuration from potential initiation candidates. It is observed that the boundary length criteria is a stronger criteria in comparison to the elastic modulus difference criteria. The superposition of all of these criteria result in 1.0% of the IN100 boundaries by length and 2.9% of the boundary lengths in René 88D provide favorable conditions for the localization of strain and subsequent crack initiation.
Converged volume element size
Using previously reported data for René 88DT , the volume element size for strain localization, defined as a 80% confidence that the population mean is within 5% of the sample average, can be calculated as 220 × 220 µm 2 . The obtained converged volume element size for crack initiation is significantly larger than the volume element size for strain localization. For this level of confidence and with the consideration of grain clusters, the initiation candidate density convergence occurs for areas greater than 1212 × 1212 µm 2 (28 times the average grain size) and 877 × 877 µm 2 (34 times the average grain size) for IN100 and René 88DT respectively. The maximum sampling element area size needed to intercept at least one grain cluster that contains an initiation candidate is 396 × 396 µm 2 and 110 × 110 µm 2 for IN100 and René 88DT respectively. This corresponds to 306 and 66 surface clusters for the IN100 and René 88DT respectively. Therefore, significantly large areas are necessary to predict the variability in fatigue.
The present analyses provide guidance for changes in microstructure that could improve fatigue properties. Since IN100 has an average grain size that is about two times higher than René 88DT, the crack density property element for crack initiation is significantly larger for the IN100 superalloy. Regardless of the difference in grain size, the candidate density per grain cluster indicates that the IN100 has a larger property element size compare to the René 88DT. For instance, 306 neighbouring grain clusters are necessary to capture at least one initiation candidate in IN100, while 66 clusters are sufficient for the René 88DT. This is explained by a significantly lower fraction of twin boundaries in IN100. Moreover the number of twin boundary variants in René 88DT is higher than the IN100 superalloy. For example, it is not uncommon to observe René 88DT clusters that have 2 or 3 different variants of twin boundaries per cluster. These differences are driven by variations in processing and subsequent heat treatment as well as alloy composition. From the perspective of fatigue, in spite of the fact that the twin domains promote strain localization, a higher density of twins may degrade fatigue properties, but this can be offset by reducing the mean and the variability of the grain size. Further, high twins densities are likely to reduce property variability.
Conclusions
Digital image correlation and algorithms for analysis of the grain and twin structure of two nickel base superalloys have been employed to assess the size of microstructural volume elements relevant to strain localization and fatigue crack initiation.
1. The crack initiation sites are observed to occur near twin boundaries with slip systems activated parallel to the twin boundary. The elastic-plastic loading parameters (elastic modulus and Schmid factor) along with the size of twin boundaries that satisfy the parallel slip condition bound a domain where crack initiation occurs. 2. This crack initiation criteria was applied to experimentally gathered microstructural (EBSD) datasets and compared to fatigue crack initiation locations measured after cyclic loading of superalloy samples. The relative strength of each of the parameters that define the initiation criteria can also be examined by computing the initiation candidate boundaries on large experimentally gathered datasets. The density of fatigue crack initiation sites was compared to those predicted using the crack initiation criteria, where a 10x site over-prediction was observed, however all experimentally observed crack initiation sites were successfully identified by our crack initiation criteria. 3. A convergence based approach was used to define the statistical surface volume element size necessary to capture a crack initiation event, which are 396×396 µm 2 and 110×110 µm 2 for IN100 and René 88DT, respectively. In order for the crack initiation candidate density to converge, defined as a 80% confidence that the population mean is within 5% of the sample average, areas greater than 1212 × 1212 and 877 × 877 µm 2 for IN100 and René 88DT were required. 4. The statistical surface volume element for crack initiation is significantly larger for IN100 in comparison to René 88DT. This is explained by a significantly lower fraction of twin boundaries in IN100 as well as a larger grain size.
